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Abstract. The early life history of Chlamys hastata, the

spiny scallop, from spawning through metamorphosis to

a benthic juvenile is described using light and electron

microscopy. Newly released oocytes were about 70 ^m
in diameter and occasionally were surrounded by a 65

^m-thick jelly coat. A low envelope that is elevated at

fertilization was observed in SEMpreparations. Gastru-

lation results from both epiboly and invagination. Pri-

mary trochoblasts can be distinguished as two groups of

ciliated cells surrounding the blastopore. The D-stage ve-

liger developed by about 50 hours ( 12°C) and the plank-

totrophic larval stage is about 40 days in duration. Veli-

ger larvae reached a maximum valve length of 240 ^m.
Provinculum length remained constant throughout lar-

val life and a ligament may be present in the larval stage.

An interlocking crown and groove feature on the larval

denticles is described. There is a group of distinctive

compound cilia situated at the mouth region that may
function in particle sorting. Development of C hastata is

superficially similar to that of other species of pectinids.

However, differences in details of larval morphology sug-

gest there is greater variation in larval form and function

than is generally assumed.

Introduction

Embryonic development and larval morphology of

several species of lamellibranch has been described (see

review by Wada, 1968; Andrews. 1979; Sastry, 1979;

Verdonk et a!.. 1983). Species that have been examined
include Ostrea edulis (Waller, 1981; Cranfield, 1973a,

1973b; Hickman and Gruffydd, 1971), Crassostrea vir-

gv'/z/oz (Elston, 1 980). and Mytilus edulis (Lane and Nott,
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1975; Bayne, 1971). However, there are only a few stud-

ies that provide details on larval organs in pectinids.

Cragg and Nott (1977) examined ultrastructure of stato-

cysts in P. maximus pediveligers and glands in the foot

of Pecten maximus were examined by Gruffydd et al.

(1975). As well, hinge morphology of Chlamys varia

(LePennec, 1980), C distorta, C. opercularis, and P.

maximus (LePennec, 1978, from LePennec, 1980) has

been described.

Chlamys hastata is found from the Gulf of Alaska to

southern California at depths to 150 meters (Bernard,

1983). It is primarily dioecious, reaches sexual maturity

at two years, and is thought to spawn annually during

the summer months. Adults attain a maximum valve

height of 8 cm and generally live about 4.5 years (Grau,

1959, B. MacDonald pers. com.). C. hastata supports a

small fishery (68.5 tonnes in 1986; R. Harbo, pers.

comm.) yet little is known about its early life history.

The objective of this report is to describe and docu-

ment embryonic and larval development of C hastata,

from gamete release through metamorphosis to the ben-

thic juvenile. Morphology of several larval organs,

valves, velum, foot, and gill rudiment, is also described.

Materials and Methods

Larval culture

Adult C. hastata were collected between June and Au-

gust by SCUBAdiving near Wizard Re k in Ba

Sound, British Columbia, and kept in darkened, 20 1

tank for two to five weeks and upplied with a continu-

ous flow of seawater (14-16°C). Three times daily, sev-

eral liters of supplemental phytoplankton (2-3 X 10
6

cells/ml) were added.

Scallops were taken from the holding tank for spawn-

ing, epifauna removed, and the sexes separated. Seawa-

303



304 C. A. HODGSONAND R. D. BURKE

ter, irradiated by ultraviolet light, was dripped into the

spawning buckets and the water warmed from 12°C to

18°C over a period of one to two hours. Males generally

spawned after 20 to 60 minutes and females took up to

three hours.

Gametes were collected and immediately washed with

0.8 fim glass-filtered seawater. The oocyte suspension

was passed through a 253 nm screen to remove debris,

and collected and rinsed on a 20 nm screen. The sperm

suspension was passed through a 100 ^m screen and

added to the oocytes. After 6-10 min, fertilized oocytes

were rinsed to remove excess sperm and transferred to

0.45 ^m membrane-filtered seawater (FSW)(12°C). Wa-
ter was changed twice during embryonic development
and D-stage veliger larvae were transferred to 2 1 vessels

containing FSW(16°C) 50 mg/1 streptomycin sulphate

and 2 mg/1 chloramphenicol. Larvae were fed phyto-

plankton daily (1-4 X 10
5

cells/ml) and water changed

every 2-3 days. Phytoplankton used for this study in-

cluded Nannochloris atomus. Pavlova lutheri, Isochrysis

galbana, Thalassiosira weissflogii. and Dunaliella tertio-

lecta.

Micrography

Larvae and post-larvae were photographed while

swimming or crawling, or while contained within a small

piece of Nitex mesh placed on a microscope slide. Occa-

sionally, larvae were narcotized with isotonic MgCL to

observe larval structures.

For scanning electron microscopy (SEM), valves of

larvae and juveniles at different stages were cleaned in

distilled water for 30 min to remove soft tissues (Callo-

way and Turner, 1 978) followed by immersing the valves

in a 6% solution of sodium hypochlorite for approxi-

mately 10-15 min. Cleaned valves were stored in 70%
ethanol until required for SEM(Lutz el ai, 1 982). Valves

were disarticulated by shaking vigorously in 6% sodium

hypochlorite. Specimens were then rinsed in distilled wa-

ter and mounted on double-sided sticky tape, sputter

coated with gold, and viewed using a Jeol JSM-35 scan-

ning electron microscope. Prior to photographing, each

specimen was positioned so that four points along the

shell margin, each at 90° intervals, were in exactly the

same plane of focus to ensure accurate measurements

(Lutz etal, 1982).

Larvae and post-larvae at different stages were relaxed

using 1:1 15% solution of MgCL and seawater. Speci-

mens were initially fixed for 1 h at room temperature in

2.5% gluteraldehyde, in 0.2 Mphosphate buffer (Mil-

lonig, 1961) and 0.14 MNaCl (Cloney and Florey,

1968). Specimens were then rinsed in 0.2 Mphosphate
buffer containing 0.34 MNaCl, post-fixed 1 h at 7°C in

2%Os04 in 0.2 Mphosphate buffer, and rinsed twice for

10 min in distilled water. Specimens were dehydrated in

a graded series of ethanol and critical point dried using

C02 as a transitional fluid. Specimens were mounted on

stubs and gold coated.

For histological sections, specimens were relaxed and

fixed as above. Following secondary fixation the speci-

mens were decalcified in a 1:1 solution of 0.4% ascorbic

acid and 0.34 MNaCl for 24-48 h (modified from Die-

trich and Fontaine, 1975). After being rinsed in distilled

water, dehydrated in a graded series of ethanol, and em-
bedded in Epon (Luft, 1961), serial sections were cut,

mounted, and stained with 1% azure II and 1% methyl-
ene blue in 1%. sodium borax solution (Richardson el ai,

1960).

Results

Embryonic development

Spawned oocytes are about 70 ^m in diameter. On two

occasions, a 65-^m thick, translucent jelly coat sur-

rounded each oocyte, making the total diameter about

200 jum (Fig. 1). The jelly coat was not evident using

Koehler illumination but could be seen with phase con-

trast optics. Oocytes from most spawnings did not have

a jelly coat (Fig. 2), and fertilization success and subse-

quent development of oocytes with or without a jelly

coat was identical. Germinal vesicles appeared as a trans-

lucent region on the periphery of the oocyte.

Sperm of C. hastata remain active for at least 2 hours

after release. Head and midpiece of sperm is about 4 //m

long and tail is 40 nm long (Fig. 3). The conical sperm
head is 1 .25 ^m wide at the base and tapers to 1 nmwide

at the tip. A 1 .25 /^m long acrosome is situated at the tip

of the sperm.

A fertilization envelope and underlying vitelline space

are apparent using SEM(Fig. 3). The fertilization enve-

lope is a thin sheet supported by cytoplasmic extensions

of the oolemma. The vitelline space is 0.8-1.0 ^m thick

and the egg surface appears slightly pitted.

Polar body formation begins about 20 min after fertil-

ization (12°C) (Fig. 4). First cleavage is meridional, un-

equal, and initiated 3 h after fertilization (Fig. 5). A deep

cleavage furrow begins at the animal pole, the site of po-

lar body release, and a large polar lobe forms at the vege-

tal pole. The polar lobe fuses with the CD blastomere

before first cleavage is complete (Figs. 6, 7). Second

cleavage is also meridional, perpendicular to the first

cleavage plane and is complete by 3.75 h. A, B, and C
blastomeres are of equivalent size and the D blastomere

is slightly larger. Third cleavage is latitudinal and dexi-

oplectic and unequal (Fig. 8). Within 15 h, the embryo
has reached the morula stage, a non-motile ball of cells.

Gastrulation occurs by epiboly and invagination is com-

plete by 18 h (Figs. 9, 10). The micromeres extend over



Figure 1 . Primary oocytes with jelly coats (jc). Light micrograph ( LM). phase contrast optics. Scale bar

- 100 Mm.

Figure 2. Primary oocytes lacking jelly coats. LM, bright field optics. Scale bar = 100 fim.

Figure 3. Scanning electron micrograph (SEM) of sperm cells (s) on surface of oocyte at fertilization

rap, midpiece; o, oolemma: t. tail; fe, fertilization envelope. Scale bar = 5 ^m.

Figure 4. SEMof first polar body (pb) release. Scale bar = 10 ^m.

Figures 5-7. First cleavage with polar lobe formation. Polar lobe (pi) forms at vegetal pole as cleavage

furrow (cf) develops at animal pole. Polar lobe fuses with CDblastomere as cleavage becomes complete.

LM, bright field optics, pb, polar body. Scale bar = 20 nm.

Figure 8. Third cleavage stage. Blastomeres labelled using nomenclature for spirally cleaving embryos.

SEM. pb, polar body. Scale bar = 20 jim.
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Figure 9. Blastopore (b) is initially a wide, shallow depression at vegetal pole. Ectodermal cells invagi-

nate to form shell field (sf) on dorso-lateral surface. Two groups of ciliated cells, the primary trochoblasts,

(t) are evident on perimeter of blastopore and on dorso-lateral surface. SEM.

Figure 10. Ventral view of blastopore. Invagination is deeper and perimeter of margin is narrower than

in Figure 9. A single macromere (m) can be seen in the blastopore. SEM. t, primary trochoblasts.

Figure 11. Trochophore larva with developing shell field (sf) on dorsal surface. Shell secretion is initi-

ated in two regions. SEM. h, future hinge; p. prototroch.

Figure 12. Trochophore larva. SEM. at. apical tuft; ap. apical plate; p. prototroch; te, telotroch.

Figure 13. Early D-stage larva. 45 h after fertilization, anterior view. Velum has two ciliated bands on

outer margin. SEM. ad. apical disc; at, apical tuft; h, hinge region; pr, preoral band; po. postoral band; v,

velum; va. valve. All scale bars = 10 ^m.
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Figure 14. SEMof external surface of left valve of 15-day larva, b, prodissoconch 1/11 boundary; pi.

prodissoconch I shell; p2, prodissoconch II shell; v, velar cilia.

Figure 15. Detail of Figure 14. SEM. p. punctate region and sr. stellate-radial region of prodissoconch

I shell.

Figure 16.

Figure 17.

Figure 18.

Figure 19.

Internal surface of left valve of 15-day larva. SEM. p. provinculum.

Detail of Figure 16. SEM. d. denticles; c, cardinal region; h. hinge line.

Provinculum of 39-day larva. SEM. d, denticles; h, hinge line; lp. ligament pit.

Provinculum of 39-day larva. Note the crown of each denticle bears a groove (gc) and th

sides bear transverse grooves (gs). SEM.

Figure 20. Hinge region of 39-day larva. SEM. d. denticles; 1

= 20 Mm.

ligament; lp. ligament pit. All scale b
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Figure 21. SEMof pediveliger larva with opened velum. A sparse band of simple cilia (c) is situated

between the preoral cilia (pc) and the apical disc (ad), ao, apical organ; I, left valve; r, right valve; Scale bar

= 50 Mm.
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and enclose the macromeres and then appear to sink into

the blastopore. The blastopore is wide and shallow ini-

tially, but the opening becomes smaller as the invagina-

tion deepens. On the perimeter of the blastopore are two

groups of 2-4 cells bearing sparse cilia, the primary tro-

choblasts (Fig. 10). Two other groups of primary tro-

choblasts girdle the embryo between the animal and veg-

etal poles (Fig. 9).

At 2 1 h, gastrulae hatch from their fertilization enve-

lope and by 30 h trochophores swim near the surface of

the water (Fig. 11, 12). The prototroch develops from the

primary trochoblasts and encircles the mid-region of the

trochophore as a 24 ^m broad band of widely spaced,

simple cilia. The apical tuft, a group of 8-10 fused cilia,

is situated centrally on the apical plate, and projects for-

ward 10-15 nm (Fig. 12). The posterior apex of the

trochophore bears a small tuft of cilia, the telotroch, and

the rest of the body wall is sparsely ciliated.

The shell field, located on the dorsal surface of the

trochophore. begins secretion of the prodissoconch I

shell in two regions (Fig. 9, 11). These two regions con-

tact along the straight hinge line. Using Koehler illumi-

nation, larval valves are first apparent in 45-h-old larvae,

but are not capable of closing completely (Fig. 13). Using

cross polarized filters, birefringence was observed, indi-

cating that the valves are calcified at this time. By 50 h

the embryo has developed into a D-stage veliger. The

valves are capable of closing and surrounding the entire

larva. At this stage valve length is about 105 pm and

valve height is 82 ^m. The prototroch transforms into

the velum of the veliger larva with two distinct rows of

cilia, a row of 20-^m long compound cilia, the preoral

band, and a row of shorter, simple cilia, the postoral

band.

Larval morphology

Valves. The shell gland of the trochophore becomes

the mantle of the D-stage larva and continues secretion

of the valves. Two distinct types of shell are secreted, the

prodissoconch I and prodissoconch II (Fig. 14). The pro-

dissoconch I is comprised of two distinct regions, an area

uniformly dimpled with shallow pits and a zone about

12-14 ^m broad which is convex and radially striate

(Fig. 14). Carriker and Palmer (1979) referred to this pat-

tern as the punctate-stellate pattern. The prodissoconch

II is smoother and is commarginally striate (after Waller,

1981).

The hinge region, or provinculum, of 15-day-old lar-

vae consists of a narrow, smooth ridge along the hinge

line with 3-4 small stout denticles at either end in a nar-

row, triangular depression (Fig. 16, 17). Development of

the denticles at both ends is symmetrical. Mean hinge

length in 1 5-day larvae is 75.3 ± 1 5.6 nm, and mean pro-

vinculum length is 100.5 ±21.8 ^m. (n
=

4). In pedivel-

igers, the ridge along the hinge line is thicker and five to

six denticles are present at either end (Fig. 18). Provincu-

lum length, or distance between outer margins of outside

denticles, remains constant throughout larval develop-

ment, whereas the distance between the inner margins of

the inside denticles is less in 39-day-old larvae (28.1

± 9.9 urn (n
= 2) versus 41.3 ± 12.7 ^m (n = 4) for 15

day larvae). This indicates that additional denticles are

added to the inside of the initial three denticles. In pedi-

veligers, denticles are more pronounced and slightly

longer than those of younger larvae and have a columnar

appearance. The crest of each denticle is slightly in-

dented along the long axis such that there are two small

ridges perpendicular to the hinge (Fig. 19). The anterior

and posterior sides of the denticles bear curved ridges

which are concave toward the hinge line.

A ligament pit is evident in larvae about 210 nm in

valve length as a shallow depression immediately below

the hinge line in the center (Fig. 18, 19). The ligament is

broad (about 15 ^m) and takes up almost one-half of the

area between the denticles (Fig. 20).

Maximum valve length in C. hastata pediveligers is

240 ixm (39 days after fertilization). Larvae held longer

than 40 days did not show an increase in valve length or

height.

Velum. The velum is the oval locomotory and feeding

organ of the larva (Figs. 21,22). Whenextended, the cili-

ated margins of the velum protrude beyond the anterior

edges of the valves. When retracted, the velum is folded

anterior-posteriorly and occupies the anterior half of the

mantle cavity. Retraction is achieved by the striated an-

terior and posterior retractor muscles, which have sev-

Figure 22. Swimming pediveliger larva with foot (f) extended. LM, phase contrast optics, d, right di

tive diverticulum; u. umbo; v. velum. Scale bar = 50 jim.

Figure 23. Detail of Figure 21. Note apical cilia (ac) emerging from apical organ. SEM. Scale bar =

Figure 24. TEMof velar disc epithelium, e, epithelial cell; g, glycocalyx; m. muscle cell; mv, mici ivilli.

Scale bar = lO^m.

Figure 25. Histological section of apical organ and cerebral ganglion in pediveliger larva with partially

retracted velum, a. apical cells; c, cortex and m, medula of cerebral ganglion; d. digestive diverticulum;

mc. mantle cavity. Scale bar = 10 «im.
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Figure 26. Tangential histological section of preoral band of velar margin. The preoral band consists

of two rows of compound cilia (rl, r2) with secretory cells (s) situated between two rows and between the

preoral and adoral ciliary bands. Scale bar = 10 ^m.

Figure 27. Histological cross-section through ciliated bands on velar margin at the mouth region (m).

ac, adoral cilia; e, esophagus; po, postoral cilia; rl, r2, double row of compound cilia of preoral band. Scale

bar = 10 urn.

Figure 28. SEMof compound cilia of preoral band showing long orthoplectic rows (or) and short

diaplectic rows (dr). Scale bar = 2 ^m.
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eral insertions on the epithelium of the velum along the

anterior-posterior axis.

The apical plate of the trochophore remains as the cen-

tral portion of the velum or apical disc. The apical tuft

of the trochophore persists for 2-3 days in D-stage veli-

gers. In older larvae this region becomes the apical pit, a

small, deep invagination located in the center of the api-

cal disc. The apical pit is oval in shape, approximately

6-8 nm wide, 20 fim long, and 10 nm deep (Fig. 23).

Numerous fine, simple cilia originate from the apical pit

and project a short distance beyond the rim of the pit.

The epithelium of the apical disc is comprised of simple

squamous to cuboidal cells that have a thick glycocalyx

and numerous microvilli on their apical surfaces (Fig.

24). Cells of the apical pit are columnar, approximately

7 /jtn high, with apical nuclei. Directly underlying these

cells is the cerebral ganglion (Fig. 25).

On the outer margin of the velum of D-stage veligers.

compound cilia of the preoral band are arranged in a sin-

gle row, and each compound cilium consists of two or

three cilia adherent throughout their length (Fig. 13). In

older larvae the preoral band consists of two rows of

compound cilia (Figs. 26, 27). Each compound cilium is

arranged in 6-15 orthoplectic rows and 2-6 diaplectic

rows of cilia (Fig. 28, 29). Cilia comprising each com-

pound cilium fit closely together along most of their

length (Fig. 30). Cilia of the postoral band are simple and

short (8 nm) and are arranged in one or two closely

spaced rows (Figs. 27, 30). A third band of cilia between

these two bands, the adoral band, is approximately 24

nm wide and the cilia are 8 /*m long (Figs. 27, 30). A
fourth, poorly defined band of 1 7 jim long simple cilia is

situated between the apical plate and the preoral band

(Fig. 21).

On the ventral surface of the velum the postoral band

extends posteriorly and forms a V-shaped ventral lip.

called the postoral tuft by Waller (1981) (Fig. 31). The

mouth is situated anterior to the ventral lip. between the

postoral and adoral cilia. Several short, broad compound
cilia are located immediately ventral to the mouth. Each

compound cilium consists of cilia not less than 8 ^m in

length arranged in a row of seven to nine cilia. The com-

pound cilia are interspersed among the simple cilia of the

postoral band.

In cross section, the outer margin of the velum is bi-

lobed with the preoral and postoral bands at the apex

of either lobe and the adoral band in a shallow trough

between them (Figs. 27, 30). Cells of the ciliated bands

are more columnar than other epithelial cells (Figs. 26,

27). Cells of the preoral band have large vacuoles in the

basal region of each cell. Between the two rows of preoral

cilia, and between the preoral and adoral bands, there are

several secretory cells with large granules in their apical

region (Figs. 26, 27).

Foot. The foot is first apparent in 1 5-day-old larvae as

a small ciliated rudiment in the posterior-ventral region

between the mouth and anus. This rudiment, the prepo-

dium, forms the metapodium of the foot. About 28 days

after fertilization the propodium develops rapidly from

the anterior portion of the prepodium. By 34 days the

foot is functional and larvae are often observed crawling

on the substrate or swimming with the foot extended

(Fig. 22). The foot is bilaterally symmetrical, about 1 10

A/m long and 53 ^m wide with a distinct toe and heel (Fig.

32). Lateral and dorsal surfaces of the foot are sparsely

ciliated (Fig. 33). The ventral surface is covered with long

(8-24 jum), simple cilia (Fig. 32) and has a byssal groove,

48 ^m long, extending along the midline of the longitudi-

nal axis. At the posterior-most region of the heel is a tuft

of cilia (Fig. 32).

The primary byssus gland stains dark blue with Rich-

ardson's stain and is situated in the posterio-dorsal re-

gion of the foot, immediately posterior to the pedal gan-

glion (Fig. 34). Ventral to the primary byssus gland is

an open, ciliated region
—the lateral pouch —with two

byssal ducts that pass ventrally to the sole of the foot (Fig.

34). Each duct is densely ciliated and lined with several

secretory cells which probably also pass secretion gran-

ules into the duct. The ducts open at the posterior region

of the byssal groove on the sole of the foot (Fig. 32).

When crawling, both ciliary and muscular action aid

in forward movement of the foot along the substrate. The

remainder of the larval body is dragged along the sub-

strate, behind the foot, with the hinge region posterior-

most; the body is periodically moved forward by sharp

contraction of the pedal retractor muscles. The tip of the

foot occasionally lifts off the substrate or moves laterally

in a swaying motion during forward movement, giving

the impression of a sensory function. The velum is ex-

tended while crawling and probably aids in the forward

movement of the larva. Periodically, the larva will lift off

Figure 29. TEMof cross-section of a single compound cilium of preoral band show in

of cilia within a compound cilium. dr. diaplectic row. Scale bar = 0.5 nm.

Figure 30. Cross-sectional view of ciliated bands on velar margin. SEM. ac, adoral cilia; g, foo ; oow;

m, mantle tissue; pr. preoral cilia: po, postoral cilia; s. shell. Scale bar = 10 ^m.

Figure 31. Mouth region at posterior edge of velar margin. The mouth (m) is situated between the

adoral (ac) and postoral (po) ciliary bands. Several short, compound cilia (c) are located just ventral to

mouth. SEM. v. ventral lip. Scale bar = 10 ^ra.
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Figure 32. SEMof ventral surface of foot of pediveliger larva. Note dense ciliation on sole of foot with

byssal groove (g) running medially from toe (t) to heel (h). SEM. bd, region of byssal duct; s, shell. Scale

bar = 10 ^m
Figure 33. Lateral view of foot of pediveliger larva. Note dense cilia on sole of foot and only sparse

cilia on lateral surface. SEM. g, gill rudiment; h, heel; s. shell; t, toe. Scale bar = 10 ^m.
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the substrate and swim, leaving the foot extended

(Fig. 22).

Gill rudiment. Gill rudiments are first visible in larvae

about 26 days old. On either side of the foot, a ridge of

tissue —the gill plate
—extends from the mantle into the

mantle cavity. From each gill plate three small lobes of

tissue, the primary gill filaments, develop (Fig. 35). By 32

days each rudiment is about 22 nm long and is sparsely

ciliated with a single row of simple cilia along the apical

margin that beat inward with an anteriorly directed

metachronal wave (Fig. 36).

The primary filaments consist of a simple cuboidal ep-

ithelium with large vacuoles filled with granules (Fig. 37).

Each filament has a narrow ciliated lumen. No cellular

or ciliary connection between gill filaments on opposing
sides of the mantle cavity was observed.

The larval eyes are first visible in larvae about 24 days

old (Fig. 35) and are located on the anterior aspect of

each gill bar. The larval eye consists of two cells, one with

darkly staining granules arranged in a cup shape oriented

anteriorly, and the other situated within the cup shape

(Fig. 38).

Post-lan'al morphology

Length of larval development is about 40 days. At the

pediveliger stage, valve length is about 240 fim; the foot

is functional, and the gill rudiments are distinct. At meta-

morphosis. C. hastata transforms from a swimming
pediveliger to a crawling, benthic post-larva within 24-

48 hours. The internal organs of the larva undergo a 90°

counter-clockwise rotation. The velum is histolized and

the mouth moves from a ventral to an anteriodorsal posi-

tion. As well, the foot moves anteriorly. Approximately
24 hours after metamorphosis has been initiated the foot

is in a ventral position (Fig. 43), and by 48 hours after

metamorphosis the foot is in an anterior position and

individuals can crawl on the substrate with the hinge

pointing in the direction of movement. The gill rudi-

ments undergo rapid histogenesis to develop into the

adult gills. With the forward rotation of the mouth region

and foot, the gill filaments come to occupy the posterior

region of the mantle cavity.

Once metamorphosis is complete, the mantle folds be-

gin secretion of the dissoconch shell. Secretion of the left

valve is initiated first and is visible in juveniles two days
after metamorphosis (Fig. 39). The left valve has strong

radial striations and formation of the anterior auricle is

evident in early juveniles (Fig. 40). The right valve is

smooth and a byssal notch is evident by three or four

days after metamorphosis (Fig. 4 1 ). The dissoconch shell

is secreted with little convexity and growth proceeds
more rapidly in the direction of shell height than shell

length.

The provinculum is thicker and the ligament pit is

larger (19 ± 1.8 fim, n = 6) and more pronounced in 14

day old juveniles (Fig. 42). No further denticles are added

after metamorphosis and larval denticles are gradually

lost by overgrowth of juvenile shell. A ligament scar is

evident at the region of the ligament pit, providing an

increased surface to which the ligament attaches

(Fig. 42).

At metamorphosis, the primary gill filaments lengthen

and more are added (Fig. 43). By 2-3 days after meta-

morphosis, the single row of simple cilia present in the

larval gill rudiments becomes the lateral ciliated band of

the adult gill lamellae (Fig. 44). Length of gill lamellae is

about 28 Jim at this time. Another band of cilia, the fron-

tal cilia, is just beginning to develop by 2-3 days and is

clearly visible in 12 day old juveniles (Fig. 45).

Discussion

A jelly coat surrounding newly released oocytes has

not been reported in pectinid species other than C. has-

tata, however, jelly coats do surround eggs ofPatinopec-

ten yessoensis and Crassadoma gigantea (CAH, unpub.

obs.). The presence of the jelly coat may be common

among pectinid species but since it is translucent and

difficult to observe using Koehler illumination, it is pos-

sible that it has not been noticed by other authors.

Evidence from this study suggests that gastrulation oc-

Figurc 34. Histological section of foot region. Secretions (s) of primary byssus gland (b) are deposited

into the lateral pouch (p) which leads into two ciliated ducts (cd). g, pedal ganglion; mc, mantle cavity.

Scale bar = 10 ^m.

Figure 35. Light micrograph of swimming pediveliger, 40 days after fertilization, with toe of foot (0

extended. LM. bright field optics, e, eyespot; d, right digestive diverticulum; g, right gill rudiment; u

mouth; u. umbo; v. velum. Scale bar = 50 nm.

Figure 36. SEMof antenor-most primary gill filament (g) from right gill plate of a ped •

Note the single row of cilia, f. foot; m. mantle. Scale bar = 10 /jm.

Figure 37. Longitudinal histological section through primary gill filaments, c. cilia; 1. lumen. Scale bar
= 10 Mm.

Figure 38. Histological section through primary gill filaments (g) and eyespot (e) of 33-day-old larva.

Dense, pigmented granules are deposited in the shape of a cup within a single cell. mc. mantle cavity. Scale

bar = 10 ^m.
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Figure 39. External view of postlarva, two days after metamorphosis, viewed from posterior region.
Note dissoconch shell (d) on left valve (lv). SEM. p2, prodissoconch shell. Scale bar = 50 Mm.
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curs by both epiboly and invagination (Figs. 9, 10). This

agrees with observations by Raven (1958) of O. edulis

embryos. Other lamellibranchs in which this form of gas-

trulation has been observed include Ensis, M. edulis and

7Vra/o(Verdonkand Biggelaar. 1983).

The two groups of cells located near the perimeter of

the blastopore are probably two groups of the quartet of

ciliated cells called the primary trochoblasts. Ultimately,

they form the prototroch of the trochophore and ciliated

bands of the velum in the veliger stage. These are gener-

ally described as originating from four points around the

equatorial region of the embryo whereas the blastopore

invaginates at the vegetal pole. However, the blastopore

is displaced anteriorly during development and the pre-

trochal region is shifted forward, owing to considerable

growth of the dorsal region, and the main axis of the em-

bryo becomes bent such that the blastopore becomes sit-

uated in front of the prototroch ( Verdonk and Biggelaar,

1983). Since the mouth is situated just below the proto-

troch. and ciliated bands of the velum, the location of the

primary trochoblasts near the blastopore suggests that

the blastopore becomes the future mouth.

The prodissoconch J shell of C. hastata bears the punc-

tate-stellate pattern as first described by Ansell (1961).

In published micrographs of C. virginica (Carriker and

Palmer, 1979), the punctate region is about 30 ^m in di-

ameter, and in O. edulis (Waller, 1981) the region is

ovoid, about 30 X 50 nm. Carriker and Palmer (1979)

suggested that this region probably overlies the embry-
onic shell gland. However, in C. hastata the punctate

pattern covers an area of about 40 X 80 ^m (Fig. 14),

about twice the size of the region of O. edulis or C. virgin-

ica. If indeed the punctate region represented the area

of the embryonic shell gland, then the shell gland of C.

hastata should be twice the size of shell glands of O.

edulis and C. virginica.

The stellate-radial zone presumably represents the re-

gion where shell secretion is taken over by the mantle

folds (Carriker and Palmer. 1979: Waller, 1981). Waller

(1981) suggested that the transition from shell gland se-

cretion to mantle secretion was gradual and occurred

long before the prodissoconch I/I I boundary in O. edulis.

In his micrographs, it is apparent that the stellate-radial

zone ends long before the prodissoconch I/I I boundary
and therefore his argument for the prodissoconch I/II

boundary simply representing the first time of closure de-

serves consideration. The stellate-radial zone ends before

the prodissoconch I/II boundary in C. hastata support-

ing Waller's hypothesis.

Other pectinids examined for larval hinge morphology
are P. maximus, C. varia, C. distorta and C. opercularis

(LePennec, 1980). Shell shape and hinge morphology of

C. hastata larvae is similar to these species. All pectinids

have hinge teeth which are symmetrical at each end with

a thin cardinal ridge between which lacks cardinal teeth.

C. hastata may have up to five or six denticles at each end

by the time of metamorphosis whereas LePennec (1980)

noted only three denticles in other pectinids. No further

denticles were added after metamorphosis in C. hastata,

which is similar to observations in other pectinids, except

in C. opercularis which add one or two more denticles

after metamorphosis.
In C. hastata larvae provinculum length remains con-

stant throughout larval life. This contradicts the findings

of Lutz and Hidu (1979) who examined provinculum

lengths of M. edulis and Modiolus modiolus valves. They
found that provinculum length increased with valve

length and valve height by a linear relationship. The

characteristic of a constant provinculum length, com-

bined with hinge structure and valve dimensions, may
be of assistance in distinguishing C. hastata larvae from

other closely related species.

A commoncharacteristic of bivalve larval denticles is

the transverse ridges on the sides. O. edulis (Waller,

1 98 1 ), C. virginica (Carriker and Palmer, 1 979), C. gigas

(Waller, 1981). M. edulis and M. modiolus (Lutz and

Hidu, 1979), as well as C. hastata have transverse ridges.

Lutz and Hidu (1979) suggested that the ridges reduce

shear between the valves. A groove on the crown of each

denticle of C. hastata corresponds to a small rise or

bump located between each denticle of the opposing

valve. No mention of these structures has been made in

Figure 40. External view of left valve of 12 day old juvenile. SEM. a. anterior auricle: d. dissoconch

shell; b. prodissoconch II/dissoconch boundary; p2, prodissoconch II shell. Scale bar = 50 ^m.

Figure 41 . External view of right valve of 1 2 day old juvenile. Right valve is overlapped by larger left

valve. Note distinct byssal notch (bn). SEM. a. anterior auricle; d, dissoconch shell; p2, prodissoconch II

shell. Scale bar = 50 fim.

Figure 42. Proviniculum of 12 day old juvenile. SEM. Is. ligament scar. Scale bar = 20 ^m.

Figure 43. Light micrograph of postlarva. one day after metamorphosis. Foot (f) is one

and is very flexible (toe of foot is actually pointing posteriorly). Gill lamellae (g) occupy the pi

of mantle cavity. LM. phase contrast optics, e. eyespot; u. umbo. Scale bar = 50 jmi.

Figure 44. Proximal view of left gill lamellae of 4 day old juvenile. Note dense row of lateral ciJia (lc)

on 2 of the gill filaments. SEM. m, mantle tissue. Scale bar = 10 Mm.

Figure 45. Distal view of gill lamellae of 12 day old juvenile. SEM. fc. frontal cilia; lc, lateral cilia; s,

shell. Scale bar = 10 urn.
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previous literature, and of the published scanning elec-

tron micrographs of larval valves in the literature, only

M. edulis (Lutz and Hidu, 1979; see plate II, Figure A)

also has a groove on the crown on each denticle. This

crown and groove feature may further assist in the inter-

locking nature between opposing valves.

Neither the larval ligament nor the ligament pit was

observed in other larval pectinids investigated (LePen-

nec, 1980). Lutz and Hidu (1979) suggested the ligament

is a post-larval feature, observed only after metamorpho-
sis has been initiated. Larval valves of C. hastata capable

of metamorphosing (39 days old at 16°C) had a ligament

pit. The ligament pit may appear among larvae which

are ready to metamorphose and not only in post-larvae.

Dissoconch shell of C. hastata is visibly different from,

and is secreted at a faster rate than, prodissoconch II

shell. These ditferences probably reflect the differences in

the composition of the two types of shell. Prodissoconch

I shell is entirely aragonitic (Stenzel, 1 964) whereas disso-

conch shell is entirely calcitic (Taylor et al, 1969).

Among C. hastata post-larvae, the left valve is always

slightly larger than the right valve. Even 1 2 days after

metamorphosis, the right valve is about 12 nm smaller

than the left valve. Secretion of the dissoconch left valve

is initiated before secretion of the right valve and this

may lead to the difference in size of the valves. This over-

lap of the left valve over the right valve has not been re-

ported for other lamellibranch post-larvae.

The bilobe configuration of the outer margin of the

velum was first noted by Elston (1980) in C. virginica

larvae. Bivalve larvae probably feed by the opposed cili-

ated band method (Strathmann et al., 1972; Strathmann

and Leise, 1979) and this configuration may help keep

particles in the food groove. According to the opposed
ciliated band theory, the adoral cilia are responsible for

transporting collected particles toward the mouth region,

and the trough shape of the velar margin may assist in

retaining particles in the region of the adoral cilia by cre-

ating a sunken channel in which the particles travel.

Secretory cells among the velar cilia have not been de-

scribed previously, although other authors have either

observed or assumed that mucus is involved in collection

of particles (Yonge, 1926; Erdmann, 1935; Strathmann

et al.. 1972; Waller, 1981). The mechanism by which ve-

liger larvae are believed to capture food particles is direct

interception of particles by the preoral cilia (Rubenstein

and Koehl, 1977; Strathmann and Leise, 1979). Strath-

mann and Leise (1979) proposed that preoral cilia over-

take particles in the latter part of the effective stroke and

weakly adhere to them, pushing them faster than water.

At the size and speed of ciliary movements involved in

particle capture, viscous forces would dominate inertial

forces (Vogel, 1981). Thus, at low Reynold's numbers

the adhesion of small particles to rapidly moving cilia

would probably not require an adhesive such as mucus.

Rather than being involved in actual particle capture,

materials released from the secretory cells instead may
function in binding food particles, once already cap-

tured, into a string that travels along the adoral band,

thus further ensuring the retention of food particles.

In C. hastata. the postoral band is comprised of simple

cilia rather than compound cilia as observed in O. edulis

(Erdmann, 1935; Waller, 1981). Since postoral cilia have

been examined only in these two species it is difficult to

generalize on the form of the postoral band among bi-

valve veligers. Whether the cilia are compound or simple

may reflect on their role or efficiency in particle capture.

Compound cilia situated at the mouth region have not

been previously described. Owing to their shape and lo-

cation within the postoral band, we suggest their effective

stroke is upward, toward the mouth, and therefore they

are arranged in a single diaplectic row. Compound cilia

arranged in row perpendicular to the plane of beat can

flex more strongly than simple cilia and are capable of

a greater tip velocity (Knight-Jones. 1954). These oral

compound cilia probably help force food particles to-

ward the mouth as they travel posteriorly along the food

groove. Waller (1981) noted a postoral tuft in O. edulis

which he described as rigid simple cilia, distinct from

postoral cilia. He suggested the postoral tuft is sensory

and may facilitate streaming of excess mucus and food

posteriorly. Oral compound cilia described above are lo-

cated between the postoral tuft and the mouth of C. has-

tata. Possibly these oral compound cilia serve a sensory

function in selecting or rejecting food particles before

they enter the mouth.

Luminal spaces within each primary gill filament also

have been observed in C. virginica (Galtsoff, 1964; Els-

ton, 1980) and M. edulis (Bayne, 1971). However, we
were unable to observe any connection of these spaces to

each other or with other vascular tissue. Elston (1980)

noted that the spaces within the gill filaments —as well as

other vascular tissues —may contain wandering amoe-

boid cells, suggesting a possible connection between lu-

minal spaces. Prytherch (1934) observed blood cells cir-

culating to the base of the gill filaments.

Structure of the larval eyespots in C. hastata is similar

to that as described by Bayne ( 1 97 1 ) for M. edulis, a cup-

shaped group of small pigment granules deposited in a

single cell. Galtsoff (1964) described the eyespots of O.

edulis as consisting of several pigmented cells arranged

in a circle around a transparent lens. Hickman and

Gruffydd (1971) observed several pigment cells sur-

rounding a lens, similar to Galtsoff, but noted that the

granules were in the shape of a cup. There is little doubt

that the eyespots are functional sensory organs in the lar-

val stage; Galtsoff (1964) described nerve tracts leading

to the eyespots of O. edulis and Bayne (1964) demon-
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strated that the appearance of the eyespots coincided

with a change in phototactic behavior in M. edulis

larvae.

Bivalve larval development generally is considered to

be similar among species. Superficially, pectinids show
little variation in development. With the exception of

Equichlamys bifrons (Dix. 1976). all species investigated

have a small egg (60-80 ^m) and a planktotrophic larval

stage. Duration of larval development varies with tem-

perature and diet, but generally larvae reared at 15-1 8°C

metamorphose 20-35 days after fertilization. Yet, as re-

cent studies on larval hinge morphology (Lutz et ai,

1 982) have demonstrated, there are subtle differences be-

tween species, enough to make them distinguishable

from each other. In this study we have noted several

differences in the morphology of C. hast at a to that re-

ported in the literature. Of particular interest are the

unique compound cilia situated at the mouth region, the

presence of a ligament pit in larval valves, and the obser-

vation that the postoral band is comprised of simple cilia.

Examination of other bivalve larvae may reveal other

structures previously unrecorded and we may begin to

appreciate subtle morphological differences in larvae

that are otherwise superficially similar.
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